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Abstract  
$QH[WHQVLYHVWXG\RQWKHIDWLJXHSHUIRUPDQFHRIIULFWLRQVWLUZHOGHG'+VWHHOZDVFDUULHGRXW
7KH PDLQ IRFXV RI WKLV H[SHULPHQWDO WHVWLQJ SURJUDPPH ZDV fatigue testing accompanied by 
tensile tests, geometry measurements, hardness and residual stress measurements, and 
fracture surface examination.  7KH6-1 FXUYH IRU IULFWLRQVWLUEXWWZHOGHG MRLQWVZDVJHQHUDWHG
DQG FRPSDUHG ZLWK WKH ,QWHUQDWLRQDO ,QVWLWXWH RI :HOGLQJ UHFRPPHQGDWLRQV IRU FRQYHQWLRQDO
IXVLRQEXWWZHOGV)ULFWLRQVWLUZHOGVRIPDULQHJUDGHVWHHOH[FHHGHGWKHUHOHYDQWUXOHVIRUIXVLRQ
ZHOGLQJ 7KLV QHZO\ GHYHORSHG 6-1 FXUYH LV EHLQJ SURSRVHG IRU XVH LQ WKH UHOHYDQW IDWLJXH
DVVHVVPHQW JXLGHOLQHV IRU IULFWLRQ VWLU ZHOGLQJ RI ORZ DOOR\ VWHHO )UDFWXUH VXUIDFHV ZHUH
H[DPLQHG WR LQYHVWLJDWH WKH IDWLJXH IDLOXUHPHFKDQLVPZKLFKZDV IRXQG WREHDIIHFWHGE\ WKH
SURFHVVLQJIHDWXUHVJHQHUDWHGE\WKHIULFWLRQVWLUZHOGLQJWRRO 
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1. Introduction 
)DWLJXHFUDFNLQJLQZHOGHGMRLQWVRIVWUXFWXUDOFRPSRQHQWVLVDPDMRUFDXVHRIVWUXFWXUDOIDLOXUH
>@ 7KHUHIRUH PRVW ZHOGHG VWUXFWXUHV WKDW DUH H[SHFWHG WR H[SHULHQFH IDWLJXH ORDGLQJ DUH
GHVLJQHGWRVDWLVI\IDWLJXHVWUHQJWKUHTXLUHPHQWV>@7KHFUDFNVLQFRQYHQWLRQDOIXVLRQZHOGV
DUH WULJJHUHG E\ VWUHVV FRQFHQWUDWLRQ GXH WR FKDQJHV RI JHRPHWU\ ZHOGLQJ GHIHFWV VXFK DV
XQGHUFXW SRURVLW\ ODFN RI IXVLRQ FROG ODSV HWF DV ZHOO DV UHVLGXDO VWUHVV PHFKDQLFDO LQ-
KRPRJHQHLW\ DQG PLVDOLJQPHQWV >@ 6DWLVIDFWRU\ IDWLJXH SHUIRUPDQFH LV DFKLHYHG DPRQJ
RWKHUPHDQVE\UHGXFWLRQLQVWUHVVFRQFHQWUDWLRQRIZHOGHGMRLQWV 
)ULFWLRQ VWLU ZHOGLQJ )6: LV DQ LQQRYDWLYH ZHOGLQJ WHFKQLTXH ZKLFK ZDV SDWHQWHG E\ 7KH
:HOGLQJ ,QVWLWXWHDQGILUVW LQWURGXFHG LQ>@6LQFH LWV LQYHQWLRQ WKH WHFKQLTXHKDVPRVWO\
EHHQXVHGIRUDOXPLQLXPDOOR\V5HVHDUFKKDVGHPRQVWUDWHGWKHVXSHULRUIDWLJXHSHUIRUPDQFHRI
)6: MRLQWV LQ DOXPLQLXP DV FRPSDUHG WR WKRVH SURGXFHG E\ IXVLRQ ZHOGLQJ >-@ GXH WR
VLJQLILFDQWO\UHGXFHGVWUHVVFRQFHQWUDWLRQDWDMRLQWFRPSDUHGZLWKIXVLRQZHOGLQJWHFKQLTXHV 
$VWXG\>@H[DPLQHGWKHLQIOXHQFHRIZHOGLQJVSHHGRQIDWLJXHVWUHQJWKRI$O±0J±6LDOOR\
,WZDVFRQFOXGHGWKDWXVLQJDZHOGLQJVSHHGZLWKLQWKHLQGXVWULDOO\DFFHSWHGUDQJHKDVQRPDMRU
LQIOXHQFH RQ WKH PHFKDQLFDO DQG IDWLJXH SURSHUWLHV RI WKH )6: +RZHYHU WKH IDWLJXH
SHUIRUPDQFHRI)6:ZDVVLJQLILFDQWO\LPSURYHGDWDYHU\ORZZHOGLQJVSHHGZKLFKLVDWWULEXWHG
WR WKH LQFUHDVHG WKHUPDO HQHUJ\ VXSSOLHG WR WKH ZHOG SHU XQLW OHQJWK 7KH UHVXOWV RI IDWLJXH
WHVWLQJRI)6:ZHUHDOVRFRPSDUHGZLWKWKRVHIRUFRQYHQWLRQDODUF-ZHOGLQJPHWKRGV0,*-SXOVH
DQG7,*0HWDO,QHUW*DVDQG7XQJVWHQ,QHUW*DVUHVSHFWLYHO\7KH0,*-SXOVHDQG7,*ZHOGV
VKRZHG ORZHU VWDWLF DQG IDWLJXH VWUHQJWK WKDQ WKDW RI )6: 7KH HIIHFW RI WKH ZHOGHG VXUIDFH
ILQLVKLQJWUHDWPHQWRQWKHIDWLJXHEHKDYLRXURI$$)6:EXWWMRLQWVZDVVWXGLHGE\DQRWKHU
SXEOLFDWLRQ >@ ZKHUH WKH VSHFLPHQV VXEMHFWHG WR VXUIDFH ILQLVKLQJ WUHDWPHQW GHPRQVWUDWHG
EHWWHUIDWLJXHSHUIRUPDQFHDVFRPSDUHGZLWKWKHDV-ZHOGHGVSHFLPHQV 
7KHQXPEHURISXEOLFDWLRQVRQ WKH IDWLJXHSHUIRUPDQFHRI)6: LQ ORZDOOR\ VWHHO LV OLPLWHG WR
WKRVH GLVFXVVHG KHUHLQ $ VWXG\ RQ )6: RI '+ VWHHO ZDV FDUULHG RXW WR HYDOXDWH WKH
PHFKDQLFDO SURSHUWLHV LQFOXGLQJ IDWLJXH VWUHQJWK RI WKH ZHOGV ZLWK D YLHZ WR LWV SRVVLEOH
DSSOLFDWLRQLQWKHVKLSEXLOGLQJLQGXVWU\>@7KHUHVHDUFKHUV>@LQYHVWLJDWHG)6:RIDQG
PP WKLFN'+VWHHO DV FRPSDUHGZLWK VXEPHUJHGDUFZHOGV7KHFRQFOXVLRQZDVGUDZQRQ
VXSHULRUIDWLJXHSHUIRUPDQFHRI)6:,WZDVDOVRIRXQGWKDWWZR)6:SDVVHVRQHIURPHLWKHU
VLGHUHVXOWLQVLJQLILFDQWLPSURYHPHQWLQIDWLJXHVWUHQJWKFRPSDUHGZLWKWKDWRIVLQJOHSDVV)6:
>@ )DWLJXH WHVWLQJ WHQVLOH WHVWLQJ DQG KDUGQHVV PHDVXUHPHQWV ZHUH SHUIRUPHG RQ GRXEOH
VLGHG IULFWLRQVWLUZHOGVRI6VWUXFWXUDO VWHHO >@ZKHUHZHOGLQJZDVFDUULHGRXW LQDLUDQG
XQGHUZDWHU ,WZDVVKRZQWKDW)6:FDUULHGRXW LQDLUDQGXQGHUZDWHUSURGXFHGVLPLODU IDWLJXH
SURSHUWLHV>@ 
)6:RIPPWKLFN*/-$VWHHOZDVLQYHVWLJDWHGZLWKWKHSXUSRVHRIHYDOXDWLQJWKHSURFHVVIRU
VKLSEXLOGLQJ DSSOLFDWLRQV >@  7KH IDWLJXH UHVLVWDQFH RI SDUHQW PDWHULDO DQG )6: SURGXFHG
XVLQJYDULRXVZHOGLQJSDUDPHWHUVSUH-ZHOGLQJFRQGLWLRQVDQGWRROVZHUHFRPSDUHG7KHIDWLJXH
EHKDYLRXURI)6:ZDVVLPLODUWRWKDWRIWKHSDUHQWPDWHULDO>@7KHIDWLJXHSURSHUWLHVRIIULFWLRQ
VWLU ZHOGHG $,6, 0 JUDGH IHUULWLF VWDLQOHVV VWHHO MRLQWV ZHUH VWXGLHG HOVHZKHUH >@ )6:
GHPRQVWUDWHG LPSURYHG IDWLJXH EHKDYLRXU FRPSDUHG ZLWK WKH SDUHQW PDWHULDO LQFOXGLQJ FUDFN
SURSDJDWLRQ VWDJH 7KLV ZDV DWWULEXWHG WR WKH )6: GXDO SKDVH IHUULWLF±PDUWHQVLWLF
PLFURVWUXFWXUHVXSHULRUWHQVLOHSURSHUWLHVDQGIDYRXUDEOHUHVLGXDOVWUHVVHV>@ 
7KH PDULQH DQG RIIVKRUH LQGXVWULHV IDFH GHPDQGV IRU LQFUHDVHG VHUYLFH OLYHV RI RIIVKRUH
VWUXFWXUHVVR WKLVPDNHV)6:RIVWHHODYHU\SURPLVLQJWHFKQLTXHDV LWDOORZVWRUHGXFH ORFDO
VWUHVVFRQFHQWUDWLRQWKHUHIRUHLPSURYHIDWLJXHSHUIRUPDQFH6WLOO LQRUGHUWRRIIHUVWHHO)6:WR
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LQGXVWU\DVDQDOWHUQDWLYHWRIXVLRQZHOGLQJWKHH[LVWLQJNQRZOHGJHJDSRQWKHIDWLJXHEHKDYLRXU
RIVWHHO)6:PXVWEHDGGUHVVHG7KHFXUUHQWUHVHDUFKDGYDQFHVWKHVFLHQWLILFXQGHUVWDQGLQJRI
VWHHO)6:E\GHYHORSLQJQRYHO6-1FXUYHSDUDPHWHUVZLWKUHVSHFWWRORZDOOR\VWHHOIRUPDULQH
DSSOLFDWLRQV)RUWKLVSXUSRVHDQH[WHQVLYHLQGXVWULDOVFDOHWHVWLQJSURJUDPPHZDVXQGHUWDNHQ
LQFOXGLQJ IDWLJXH DQG WHQVLOH WHVWLQJ KDUGQHVV DQG UHVLGXDO VWUHVV PHDVXUHPHQWV DQG
H[DPLQDWLRQRIIUDFWXUHVXUIDFHV7KHODWWHULVSHUIRUPHGWRUHODWHWKHIDWLJXHIDLOXUHWRWKH)6:
PLFURVWUXFWXUH DQG LQYHVWLJDWH WKH PHFKDQLVP IRU FUDFN LQLWLDWLRQ DQG SURSDJDWLRQ 7KH 6-1
FXUYHIRU)6:LQORZDOOR\VWHHOZDVFRQVWUXFWHGDQGFRPSDUHGWR,,:UHFRPPHQGDWLRQV>@DQG
WKHHIIHFWRIORQJLWXGLQDODQGWUDQVYHUVHUHVLGXDOVWUHVVHVKDVEHHQDVVHVVHG 
2. Experimental programme 
2.1. Material and welding details 
7KHWHVWVSHFLPHQVZHUHSURGXFHGIURPPPWKLFNPDULQHJUDGH'+VWHHO7KLVSDUWLFXODU
VWHHO JUDGH LV ZLGHO\ XVHG LQ VKLS VWUXFWXUHV HVSHFLDOO\ LQ VWLIIHQHG SDQHOV 7KH FKHPLFDO
FRPSRVLWLRQRI'+DVSURYLGHGE\ WKHVWHHOPDQXIDFWXUHU LVJLYHQ LQ7DEOH7KHPLQLPXP
DFFHSWDEOHPHFKDQLFDOSURSHUWLHVIRU'+VWHHORI WKLFNQHVVHVPPDFFRUGLQJWR/OR\G¶V
5HJLVWHUUXOHV>@DUHRXWOLQHGLQ7DEOH 
Table 1. Chemical composition of 6 mm thick DH36 steel (wt%) 
C Si Mn P S Al Nb N 
0.11 0.37 1.48 0.014 0.004 0.02 0.02 0.002 
Table 2. Minimum acceptable mechanical properties of 6 mm thick DH36 steel [14] 
Grade 
Yield 
Strength 
N/mm2 
Tensile 
Strength 
N/mm2 
Elongation, 
% 
Charpy V-notch Impact tests 
Average Energy at -200C, J 
Longitudinal Transverse 
DH36 355 490-620 21 34 24 
Steel plates of 2000 mm x 200 mm x 6 mm were butt welded using a MegaStir Q70 pcBN-WRe 
tool for steel with scrolled shoulder (dia. 36.8 mm) and stepped spiral probe (5.7 mm length). 
FSW was performed at varying traverse and rotational speeds as indicated in Table 3. Each 
combination of traverse and rotational speed from Table 3 will further be referred to as µVORZ¶
µLQWHUPHGLDWH¶ DQG µIDVW¶ ZHOGing speed. The welding speed combinations were selected as 
representative of a previous research [15]. 
Table 3. Welding parameter sets 
Welding speed group Slow Intermediate Fast 
Traverse speed (mm/min) 100 250 500 
Rotational speed (rpm) 200 300 700 
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Metallographic examination of the welds produced using slow, intermediate and fast speed has 
been discussed previously [16]. It was demonstrated that slow speed welding delivers a 
homogeneous microstructure with significant grain refinement in comparison to the parent 
material [16]. 
2.2. Specimens 
The specimens for fatigue and tensile tests were transversely machined from welded plates. The 
shape and dimensions of the specimens are shown in Figure 1.  
 
Figure 1. Transverse fatigue and tensile test specimens (dimensions in mm), 6 mm thick 
7KHVSHFLPHQVLGHVZHUHSROLVKHGXSWRDVXUIDFHILQLVKRIȝP5DRUEHWWHUDFFRUGLQJWRWKH
DSSOLFDEOH%ULWLVK6WDQGDUGV >@ WRDYRLGIDWLJXHFUDFN LQLWLDWLRQIURPWKHPDFKLQLQJPDUNV7R
HQVXUH WKDW WKH UHTXLUHG VXUIDFH URXJKQHVV ZDV DFKLHYHG VXUIDFH URXJKQHVV PHDVXUHPHQWV
ZHUHSHUIRUPHGXVLQJD0LWXWR\RV\VWHP7KHWRSDQGERWWRPVXUIDFHVRIWKHVSHFLPHQVZKHUH
WKH WRS VXUIDFH LV WKH WRRO FRQWDFW VXUIDFH ZHUH OHIW LQ WKH DV-ZHOGHG FRQGLWLRQ DQG D
VXEVHTXHQWDVVHVVPHQWRI WKH OLQHDUDQGDQJXODUPLVDOLJQPHQW GLVWRUWLRQVKRZHG WKDW WKHVH
ZHUHQHJOLJLEOH 
Three specimens per weld speed were subjected to tensile testing in order to identify the yield 
strength (YS) of the weldments. The average YS value for the intermediate weld speed was 382 
MPa; this value was used to calculate the applied loads for fatigue testing. 
2.3. Hardness measurements 
A homogeneous hardness distribution in welds is important from a fatigue point of view as 
abrupt changes in hardness produce a material notch [18]. Average hardness values were 
measured in FSW sections for each of the slow, intermediate and fast welds. The positions for 
measurements representative of the weld zone are given in Figure 2. The measurements were 
taken using a Mitutoyo hardness tester by applying a load of 200 gf. 
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Figure 2. Hardness measurement positions in FSW transverse section 
The hardness measurements for the three weld speeds are presented in Figure 3, where the 
values are supplied as an average of two measurements per position marked in Figure 2. In all 
relevant figures, AD and RT correspond to the advancing and retreating side of the weld 
respectively, whereas HAZ is the heat affected zone and TMAZ is the thermo-mechanically 
affected zone. As seen from Figure 3, the steel that is affected by the welding process is harder 
than the parent material. In addition, the hardness of the weld is increased with increasing 
welding speed. This can be attributed to the increasing cooling rate which causes the 
development of harder phases such as bainite. Microstructural examination [15,16] has 
discussed the rise in bainite content with each speed increment.  
 
Figure 3. Hardness distribution for three welding speeds 
2.4. Residual stress measurements 
The sample for residual stress measurements was transversely machined from a welded plate of 
6 mm thickness. Figure 4 shows the top surface of an examined weld section of approx. 400 mm 
(width) x 230 mm (length). 
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Figure 4. The weld top surface of a sample for residual stress measurements (welding direction is 
top to bottom) 
X-Ray diffraction (XRD) measurements were carried out using a Stresstech XStress3000 X-Ray 
diffractometer; results were extracted using the sin2\ technique [19]. A 3-mm-diameter 
collimator was used with X-Ray exposure time of 10 seconds for each \ tilt. The angle \, 
defining the orientation of the sample surface, is the angle between the normal of the surface 
and the incident and diffracted beam bisector. Residual stress measurements were performed 
across the weld zone. The measured locations are shown in Figure 5. 
 
 
Figure 5. Locations and directions of residual stress measurements (each circle indicates the 
diameter of the collimator, dimensions in mm) 
Figures 6 and 8 show the residual stress profile for the slow speed weld, for top surface side and 
weld root side (top and bottom of weld) respectively. As seen from Figure 6, the maximum 
transverse residual stress is close to YS and is located in the central stir zone of the weld. In the 
HAZ where fatigue cracking is generally expected to initiate [18] due to increased stress 
concentration [20], change in the local microstructure and altered physical properties [21], the 
residual stress is approx. 100-150 MPa. Therefore, the locations of the maximum residual stress 
and of the possible crack initiation site are separated. This is yet another reason for the 
improved fatigue performance of FSW as compared with fusion welds where the maximum 
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transverse residual stress, close to WKHPDWHULDO¶V<6 is observed at the weld toe [20] and leads 
to crack initiation at that location. 
 
Figure 6. Residual stress profile for slow speed weld, top surface side 
,QWKHVSHFLPHQ¶V+$=DVSOLWLQGDWDZDVVHHQIURPWKHQHJDWLYHDQG SRVLWLYHȥWLOWV (Figure 7). 
'XULQJ;5'PHDVXUHPHQWVDVSOLW LQGDWD IURPERWKȥ WLOWVFDQRFFXU due to the presence of 
shear stress [22]. This displays that the HAZ region has high magnitude of shear stress as 
compared to the TMAZ. Figure 8 reveals that the transverse residual stress on the weld root side 
of the specimen is lower than on the top surface side and compressive in the weld root.  
 
Figure 7. Splitting of d vs sin2ȥSORWLQWKH+$=UHJLRQ 
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Residual stress is one of the significant factors that affect the fatigue life of welded structural 
members; it is well known that tensile residual stress decreases fatigue life. Improvements in the 
welding processes have reduced the associated tensile residual stress to some extent. Fatigue 
cracks are typically seen to initiate at locations which exhibit high tensile residual stress, stress 
concentration or weld defects. In the case of fillet [23] and butt [24] joints with fusion welds, 
fatigue cracks were seen to initiate at the weld toe owing to the combined effect of tensile 
residual stress and stress concentration. In the current study, the maximum tensile residual 
stress of the examined sample is located in the central weld zone hence not contributing to the 
fatigue failure. The friction stir weld zone exhibits higher surface roughness than the parent 
metal as a result of the processing features generated by the FSW tool. As outlined in Table 5, 
the predominant crack initiation site for the intermediate speed weld (24 out of 25 samples) is 
the weld edge; thus, the transition region between parent metal and weld zone acts as a notch 
and produces a correspondingly high stress concentration factor initiating failure. 
 
Figure 8. Residual stress profile, weld root 
2.5. Fatigue testing 
Fatigue testing was carried out on an Instron 8802 fatigue testing system. The number of tested 
specimens per welding speed and stress range is outlined in Table 4. The specimens produced 
using the intermediate weld speed were selected for the construction of the S-N curve. The 
intermediate speed is considered to be optimal based on research reported in an earlier work 
[15]. TKH WHUP ³RSWLPDO´ reflects the balance between commercially competitive production 
speed (compared to fusion welding) and high integrity welds that this welding speed had 
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demonstrated. Although having exhibited the best results in terms of weld quality and 
mechanical properties [15], the slow traverse speed of 100 mm/min is clearly unrealistic in a 
real-world industrial environment. The effect of varying welding speed on the fatigue 
performance was established by testing the slow and fast weld speed specimens at one stress 
range and comparing these results with the basic S-N curve of the intermediate weld. 
Table 4. Number of tested fatigue specimens per welding speed 
:HOGVSHHG 6WUHVVUDQJH RI<6 
1XPEHURIWHVWHG
VDPSOHV 
,QWHUPHGLDWH 
  
  
  
6ORZ   
)DVW   
 
During the fatigue testing the stress ratio was maintained approx. equal to 0.1 and the stress 
frequency constant at 10 Hz.  
3. Fatigue test results and analysis 
The results of the fatigue tests are summarised in Table 5 together with the crack initiation sites. 
The nominal stress was calculated as applied load divided by net cross sectional area. The 
crack initiation site for 24 out of the 25 specimens of the intermediate weld (250 mm/min) was 
the weld edge on the RT side. The typical failure position can be seen in the photograph of a 
fractured specimen (Figure 9).  The cracks initiated from lap defects observed on the RT side, as 
exhibited in Figure 13, Section 4. Minor embedded flaws detected on the AD side did not cause 
crack initiation.  
Two specimens welded with slow speed (100 mm/min) did not fracture; the tests were 
terminated at 2.5x106 cycles and considered as run-outs. One specimen failed at approximately 
4.2x105 cycles on the AD side of the weld; this was due to the incomplete fusion paths observed 
in this section of the weld. Two fast (500 mm/min) weld specimens had fatigue crack initiation 
from the weld root flaw; the third failed from the lap defect. A discussion on the fatigue failure 
mechanisms is provided in Section 4. 
Table 5. Fatigue test results 
Weld speed Stress range,  MPa Number of cycles to failure Crack initiation site
a
 
Intermediate 
speed 
265.83 479,985 Weld edge, RT 
261.78 602,646 Weld edge, RT 
263.81 1,116,339 Weld edge, RT 
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263.94 1,967,444 Weld edge, RT 
262.19 589,711 Weld edge, RT 
264.00 1,114,315 Weld edge, RT 
263.09 317,472 Weld edge, RT 
262.61 941,637 Weld edge, RT 
262.68 1,899,174 Weld edge, RT 
261.71 678,298 Weld edge, RT 
296.96 310,992 Weld edge, RT 
298.81 335,264 Weld edge, RT 
296.83 254,089 Weld edge, RT 
296.29 359,445 Weld edge, RT 
295.01 337,432 Weld edge, RT 
296.96 312,883 Weld edge, RT 
295.41 350,413 Weld edge, RT 
296.29 629,054 Weld edge, RT 
296.42 664,426 Weld edge, RT 
295.48 492,379 Weld edge, RT 
230.67 1,489,360 Weld edge, RT 
228.72 2,600,000 Run out 
229.51 2,020,530 Weld edge, RT 
227.93 1,384,622 Weld edge, RT 
229.32 2,210,534 Weld edge, RT 
Slow speed 
266 422,074 Weld stir zone, AD 
265.64 2,700,000 Run out 
265.21 2,500,000 Run out 
264.55 2,612,700 Run out 
265.14 1,083,669 Weld stir zone, AD 
266.06 2,515,000 Run out 
262.19 2,520,000 Run out 
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265.81 2,571,600 Run out 
Fast 
speed 
265.14 416,112 Weld rootb 
262.13 222,272 Weld stir zone, AD 
264.29 722,691 Weld rootb 
261.84 570,815 Weld rootb 
263.39 129,490 Weld stir zone, AD 
261.59 731,208 Weld rootb 
264.36 136,844 Weld stir zone, AD 
261.36 516,949 Weld rootb 
a
 In all relevant cases, the crack initiated at the top surface boundary of the tool stir marks. 
b
 Crack propagated from the weld root flaw. 
7KHIDWLJXHWHVWUHVXOWVLQWHUPVRIQRPLQDOVWUHVVUDQJHDJDLQVWQXPEHURIF\FOHVWRIDLOXUHDUH
SORWWHG LQ )LJXUH  LQ GRXEOH ORJDULWKPLF FR-RUGLQDWHV 7KH QRPLQDO 6-1 GDWD IRU WKH
LQWHUPHGLDWHZHOGIURP7DEOHDQG)LJXUHZHUHDQDO\VHGDVVXPLQJDOLQHDU6-1FXUYHRQD
ORJ-ORJVFDOHDQGXVLQJ(TXDWLRQ 
log N = log A ± m x log S        (1) 
ZKHUH6 LV WKHDSSOLHGVWUHVVUDQJH1 LV WKHIDWLJXH OLIHDQGPDQG$DUHFRQVWDQWVREWDLQHG
H[SHULPHQWDOO\7KHUXQRXWWHVWZDVQRWFRQVLGHUHGLQWKLVDQDO\VLV,QLWLDOO\WKHLQYHUVHVORSHRI
WKH6-1FXUYHZDVDVVXPHGDVP $VWDWLVWLFDOHYDOXDWLRQRISDUDPHWHU$DWDQG
RI SUREDELOLW\ RI VXUYLYDO DQG VWDQGDUG GHYLDWLRQ ZDV SHUIRUPHG DFFRUGLQJ WR ,,:
UHFRPPHQGDWLRQV>@ 
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Figure 9. Typical failure position of intermediate weld specimen 
  
Figure 10. S-N data for the intermediate weld, inverse slope m=3 
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)LJXUHGLVSOD\VWKH6-1FXUYHVIRUWKHLQWHUPHGLDWHVSHHGZHOG7KHVROLGDQGGDVKHGOLQHV
UHSUHVHQWWKHSUREDELOLW\RIVXUYLYDODWGHVLJQDQGDWPHDQUHVSHFWLYHO\7KLV6-
1 FXUYH LV FRPSDUHG ZLWK WKDW UHFRPPHQGHG E\ ,,: IRU IXVLRQ ZHOGV >@ 7KH GHWDLO PRVW
UHOHYDQWWRWKLVLQYHVWLJDWLRQLVWKHWUDQVYHUVHVLQJOHVLGHGEXWWZHOG&DWDORJXH1R>@7KH
GRWWHG OLQH LQ )LJXUH  LQGLFDWHV WKH ,,: )$7  ZHOG GHWDLO FODVV DW  SUREDELOLW\ RI
VXUYLYDO 7KH UHVXOWV IRU )6: GHPRQVWUDWH KLJKHU IDWLJXH VWUHQJWK IRU DOO VSHFLPHQV RI WKH
LQWHUPHGLDWHZHOG LQFRPSDULVRQ WR WKH)$7FODVV7KH IDWLJXHVWUHQJWKRI WKH LQWHUPHGLDWH
VSHHGZHOGLV)$7WKLVLVKLJKHUWKDQWKHVWUHQJWKVWDWHGLQWKH,,:5HFRPPHQGDWLRQV
)$7 
Further, there is a substantial scatter of the results (TN) for the intermediate weld speed if an 
inverse slope of m=3 is used for S-N curve derivation, calculated according to Hobbacher [3] as: 
71 11  
ZKHUH1;LVWKHQXPEHURIF\FOHVWRIDLOXUHDWWKH[SUREDELOLW\OHYHORIVXUYLYDO7KHVDPHDSSOLHV
WRWKHVFDWWHULQWHUPVRIVWUHVVUDQJH7VGHILQHGDV>@ 
7V ıQıQ  
ZKHUHıQ[ LV WKHVWUHVVUDQJHDW WKHVWDWHGSUREDELOLW\ OHYHORIVXUYLYDO7KHFRUUHVSRQGLQJ ,,:
UHFRPPHQGHGYDOXHVDUH71 DQG7V >@7KHFDOFXODWHGSDUDPHWHUV71DQG7ıLQGLFDWH
WKDW WKH VWDWLVWLFDO DQDO\VLVZLWKD IL[HGVORSHRIP  LVQRW WKHPRVW VXLWDEOH ,QGHHGEHVW ILW
VWDWLVWLFDOHYDOXDWLRQEDVHGRQ,,:UHFRPPHQGDWLRQV>@SURGXFHVDQLQYHUVHVORSHRIP  
,W LV WKHUHIRUHSURSRVHGWRFDUU\RXWWKHVWDWLVWLFDODQDO\VLVZLWKDVVXPHGLQYHUVHVORSHRIP 
ZKLFK LV FKRVHQ EDVHG RQ ,,: GUDIW UHFRPPHQGDWLRQV IRU ZHOG LPSURYHPHQW WHFKQLTXHV >@
7KHPHDQDQGGHVLJQ6-1FXUYHVZLWKDVVXPHGLQYHUVHVORSHRIP DQGH[SHULPHQWDOGDWDDUH
VKRZQLQ)LJXUH7KHVFDWWHURIIDWLJXHWHVWUHVXOWVIRULQYHUVHVORSHRIP LVFKDUDFWHULVHG
E\71 DQG7V  
7DEOHSURYLGHVWKH6-1FXUYHSDUDPHWHUVLQFOXGLQJGHVLJQIDWLJXHVWUHQJWKDW[F\FOHVDQG
VWDQGDUG GHYLDWLRQ REWDLQHG IRU LQWHUPHGLDWH VSHHG )6: XVLQJ EHVW ILW P  DQG P 
DVVXPSWLRQV7KHGHVLJQIDWLJXHVWUHQJWKDW[F\FOHVLVDERYHWKHSDUHQWPDWHULDO6-1FXUYH
)$7 P  >@ 7KLV FRQILUPV WKDW WKH XVH RI WKH LQWHUPHGLDWH VSHHG ZHOG LV WKH PRVW
DSSURSULDWHIRUWKHGHULYDWLRQRIWKH6-1FXUYH 
Table 6. S-N curve parameters for intermediate speed weld 
P 0HDQ$ 'HVLJQ$ 6WDQGDUGGHYLDWLRQ )DWLJXHVWUHQJWKDW[F\FOHV03D 
 [ [   
 [ [   
%HVWILW 
 [

 [   
$VFDQEHVHHQIURP)LJXUHVDQGWKHUHVXOWVIRUVORZDQGIDVWVSHHGZHOGVDUHFRQVLVWHQW
ZLWKWKHFRUUHVSRQGLQJUHVXOWVREWDLQHGIRUDOXPLQLXPE\DVHSDUDWHVWXG\>@WKHVORZZHOGLQJ
VSHHGUHVXOWV LQEHWWHUIDWLJXHSHUIRUPDQFH7KLV LVEHFDXVH the slow speed produces a highly 
refined, homogeneous and defect-free microstructure as reported in a prior study >@. 
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Figure 11. S-N data for the intermediate weld, inverse slope m=5.  
4. Fracture surface analysis 
The typical fracture surface for the intermediate weld specimens is shown in Figure 12 where a 
recurrent pattern of crack initiation and propagation is observed. Figure 12 displays uniform 
crack initiation from multiple sites corresponding to WKH)6:WRROVKRXOGHU¶VPDUNLQJVFDXVLQJ 
lap defects RQWKHZHOG¶VWRSVXUIDFH (weld edge, RT side). Multiple sites of crack initiation are 
indicated with the arrows. A magnified view of a typical lap defect is shown in Figure 13. The lap 
defect is observed continuously along the weld length but with varying intensity and depth.  
 
Figure 12. Typical fracture surface of intermediate weld specimens 
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Figure 13.  Intermediate weld, RT side top surface [x500, Etched] 
 
Figure 14. Slow weld, AD side top surface [x200, Etched] 
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Another possible crack initiation site was observed in the failed slow speed specimens; cracks 
originated from incomplete fusion paths containing interconnected non-metallic inclusions on the 
AD side (Figure 14). The fracture path is seen to have propagated through the TMAZ and 
subsequently into the parent material in a plane nearly perpendicular to the top surface (Figure 
15); two more incomplete fusion paths from which cracks did not propagate are marked in Figure 
15. 
 
Figure 15. Macrograph of slow weld specimen's fracture path (side view) [Etched] 
 
Figure 16. Fast weld, root flaw at high magnification [x1000, Etched] 
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Five of the fast weld specimens failed from the weld root flaw; intermittent insufficient fusion at 
the weld root occurred during the FSW process, i.e. a weld root flaw (Figure 16). The remaining 
three fast weld specimens failed through uniform crack initiation IURP WKH WRRO VKRXOGHU¶V
markings on the weld top surface (laps), in a manner comparable to the intermediate weld 
specimens above; the corresponding fracture path is illustrated in Figure 17. 
 
Figure 17. Macrograph of fast weld specimen's fracture path (side view) [Etched] 
4.1. Effect of surface lap defect  
It has been determined in Sections 3 and 4 that the main reason for crack initiation in friction stir 
welds produced at the optimal intermediate speed is the lap defect introduced by the FSW tool 
shoulder. Microstructural observations and subsequent measurements on the captured 
micrographs (Figure 13) showed that the deepest top surface lap defect found is approx. 0.45 
mm. To assess the effect of the surface lap defect on the FSW fatigue performance, three 
intermediate speed specimens were fatigue tested under a stress range of 90% of YS following 
grinding. The grinding consisted of removal of a 0.5 mm layer from the weld top surface. The 
specimens were polished after grinding. 
For these specimens, the fatigue tests were terminated at or above 3.2x106 cycles; no evidence 
of fatigue cracking was present. In agreement with previous publications in aluminium [9,27] and 
steel [28] FSW, this confirms that the top surface processing features generated by the FSW tool 
are responsible for fatigue cracks in the intermediate speed FSW and indicates a potential way 
to improve the fatigue performance by reducing or eliminating the top surface markings 
produced by the tool.  
5. Conclusions 
An experimental programme of fatigue performance assessment of friction stir butt welds 
produced from 6 mm thick marine grade DH36 steel was undertaken WRdevelop novel S-N curve 
parameters. The main focus of the programme was fatigue testing accompanied by tensile tests, 
geometry measurements, hardness and residual stress measurements, and fracture surface 
examination.  The effect of varying welding parameters was also investigated. 
Analysis of the fatigue testing results showed that the fatigue resistance of FSW butt joints is 
well above the weld detail class of the IIW for single side fusion welded butt joints. The S-N 
curve for the intermediate welding speed was constructed; it has been demonstrated that this S-
N curve has a shallower slope than the one recommended by IIW for fusion welds, thus 
concluding that the slope recommended by IIW is not applicable to FSW. TKHQHZO\GHYHORSHG
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6-1FXUYHIRUIULFWLRQVWLUEXWWZHOGHGMRLQWV LQ ORZDOOR\VWHHO LVDQLPSRUWDQWRXWFRPHIURPWKLV
VWXG\,QDGGLWLRQWKHGHVLJQIDWLJXHVWUHQJWKDW[F\FOHVLVDERYHWKHSDUHQWPDWHULDO6-1
FXUYH )$7 P  >@ KHQFH FRQILUPLQJ WKDW WKH XVH RI WKH LQWHUPHGLDWH ZHOG LV WKH PRVW
DSSURSULDWHIRUWKHGHULYDWLRQRIWKH6-1FXUYH. 0RUHRYHUWKHVORZZHOGLQJVSHHGZDVIRXQGWR
UHVXOW LQEHWWHUIDWLJXHSHUIRUPDQFH7KLVLVEHFDXVH the slow speed produces a highly refined, 
homogeneous and defect-free microstructure as reported in a prior study >@.  
Residual stress measurements were recorded using the X-Ray diffraction technique. It was 
established that, although the location of the maximum transverse residual stress was found in 
the central stir zone of the weld, the typical crack initiation site was observed at the retreating 
side of the weld edge resulting from the processing features generated by the friction stir welding 
tool. Since the maximum transverse residual stress and crack initiation sites are unrelated, the 
fatigue performance of FSW is improved compared to fusion welding where the maximum 
transverse residual stress and the edge of the weld toe coincide. 
Examination of fracture surfaces where surface breaking flaws were present highlighted the 
critical importance of the lap defect in relation to fracture initiation. Fatigue testing of specimens 
without top surface defects resulted in a substantial improvement in fatigue life thus exhibiting 
that WKHPDUNLQJVSURGXFHGE\ WKH)6:WRROVKRXOGHUDUH UHVSRQVLEOH IRU FUDFN LQLWLDWLRQ. It is 
important to emphasize that despite the presence of minor surface breaking flaws within the 
TMAZ, the overall fatigue strength is still considerably higher than the weld detail class of FAT 
80. 
 
Acknowledgements 
The authors gratefully acknowledge the financial support of the European Union which has 
funded this work as part of the Collaborative Research Project HILDA (High Integrity Low 
Distortion Assembly) through the Seventh Framework Programme (SCP2-GA-2012-314534-
HILDA), in addition to financial support provided by WKH/OR\G¶V5HJLVWHU)RXQGDWLRQ. 
 
References 
[1] Maddox SJ. Fatigue design rules for welded structures. Prog Struct Eng Mater 
2000;2:102±9. 
[2] IACS. Common Structural Rules for Bulk Carriers and Oil Tankers. 2014. 
[3] Hobbacher A. Draft: Recommendations for Fatigue Design of Welded Joints and 
Components. International Institute of Welding, XIII-2460-13. 2013. 
[4] Fricke W. Fatigue analysis of welded joints: state of development. Mar Struct 
2003;16:185±200. 
[5] Thomas WM, Nicholas ED, Needham JC, Murch MG, Temple-Smith P, Dawes CJ. Friction 
welding. PCT/GB92/02203, 1991. 
[6] Barsoum Z, Khurshid M, Barsoum I. Fatigue strength evaluation of friction stir welded 
aluminium joints using the nominal and notch stress concepts. Mater Des 2012;41:231±8. 
19 
 
[7] Uematsu Y, Tokaji K, Shibata H, Tozaki Y, Ohmune T. Fatigue behaviour of friction stir 
welds without neither welding flash nor flaw in several aluminium alloys. Int J Fatigue 
2009;31:1443±53. 
[8] Ericsson M, Sandstrom R. Influence of welding speed on the fatigue of friction stir welds, 
and comparison with MIG and TIG. Int J Fatigue 2003;25:1379±87. 
[9] Pedemonte M, Gambaro C, Lertora E, Mandolfino C. Fatigue assessment of AA 8090 
friction stir butt welds after surface finishing treatment. Aerosp Sci Technol 2013;27:188±
92. 
[10] McPherson N, Galloway A, Cater S, Hambling S. Friction stir welding of thin DH36 steel 
plate. Sci Technol Weld Join 2013;18:441±50. 
[11] Baillie P, Campbell S, Galloway A, Cater S, Mcpherson N. A Comparison of Double Sided 
Friction Stir Welding in Air and Underwater for 6mm S275 Steel Plate. Int J Chem Nucl 
Metall Mater Eng 2014;8:651±5. 
[12] Azevedo J, Infante V, Quintino L, dos Santos J. Fatigue Behaviour of Friction Stir Welded 
Steel Joints. Adv Mater Res 2014;891-892:1488±93. 
[13] Lakshminarayanan AK, Balasubramanian V. Assessment of fatigue life and crack growth 
resistance of friction stir welded AISI 409M ferritic stainless steel joints. Mater Sci Eng A 
2012;539:143±53. 
[14] /OR\G¶VRegister. Rules for the Manufacture, Testing and Certification of Materials. London: 
2014. 
[15] Toumpis A, Galloway A, Cater S, McPherson N. Development of a process envelope for 
friction stir welding of DH36 steel ± A step change. Mater Des 2014;62:64±75. 
[16] Toumpis A, Galloway A, Polezhayeva H, Molter L. Fatigue Assessment of Friction Stir 
Welded DH36 Steel. Frict. Stir Weld. Process. VIII, Orlando, FL: 2015. 
[17] British Standards Institution. BS 7270. Metallic materials ± Constant amplitude strain 
controlled axial fatigue ± Method of test. London: 2006. 
[18] Radaj D, Sonsino CM, Fricke W. Fatigue Assessment of Welded Joints by Local 
Approaches. 2nd ed. Cambridge: Woodhead Publishing; 2006. 
[19] Hilley ME, editor. Residual Stress Measurement by X-ray Diffraction - SAE J784a. 
Warrendale, PA: Society of Automotive Engineers; 1971. 
[20] Maddox SJ. Fatigue Strength of Welded Structures. 2nd ed. Cambridge: Woodhead 
Publishing; 2002. 
[21] Vuhereer T, Maruschak P, Samardzic I. Behaviour of coarse grain heat affected zone 
(HAZ) during cycle loading. Metalurgija 2012;51:301-4. 
[22] Fitzpatrick ME, Fry AT, Holdway P, Kandil FA, Shackleton J, Suominen L. Measurement 
Good Practice Guide No. 52. Determination of residual stresses by X-ray diffraction. 
Teddington: 2005. 
[23] Maddox SJ, Dore MJ, Smith SD. Investigation of ultrasonic peening for upgrading a 
welded steel structure. XIII-2326-10. Istanbul: International Institute of Welding: 2010. 
[24] Ahmad B, Fitzpatrick ME, Howarth D, Polezhayeva H, Przydatek J, Robinson A. Residual 
stress measurements and fatigue testing of butt welds subjected to peening treatments. 
XIII-2497-13. International Institute of Welding: 2013. 
20 
 
[25] Schneider CRA, Maddox SJ. Best Practice Guide on Statistical Analysis of Fatigue Data. 
International Institute of Welding, XIII-WG1-114-03. Cambridge: 2003. 
[26] Barsoum Z, Marquis GB. Draft: Recommendations on Techniques for Improving the 
Fatigue Strength of Welded Components and Structures. International Institute of Welding, 
XIII-WG2-140-12.  
[27] Lomolino S, Tovo R, dos Santos J. On the fatigue behaviour and design curves of friction 
stir butt-welded Al alloys. Int J Fatigue 2005;27:305±16. 
[28] Toumpis A, Galloway A, Molter L, Polezhayeva H. Systematic investigation of the fatigue 
performance of a friction stir welded low alloy steel. Mater Des 2015;80:116±28. 
 
